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Photovoltage in obliquely deposited films of semiconductors is found to be much higher in
magnitude than the corresponding band gap of the semiconductor. Also, the magnitude of the
photovoltage depends on the angle of deposition, the separation between the electrodes, the
wavelength of the incident light, the intensity of the illumination and temperature, but this behavior
is not understood well. In this work a phenomenological model of the generation of photovoltage
along the horizontal plane of the obliquely deposited films on transparent substrates is presented for
the first time. The model is based on the presence of obliquely grown grains separated by parallel
grain boundaries and the existence of grain boundary potential barriers across the grain boundaries.
In the case of semiconductor films with a high absorption coefficient for short wavelengths in the
visible range, there occurs a relatively large photogeneration of carriers on the front side of the grain
boundaries rather than on the back side, and this gives rise to a net photocurrent and a photovoltage
across each grain boundary. The horizontal components of this photovoltage get added up due to a
large number of grain boundaries lying between the electrodes on the front surface and produce a
large photovoltage due to the series combination. An expression has been derived based on this

model which shows that for low intensities of illumination the horizontal component V̄och of the
photovoltage increases linearly with electrode separation, resistivity of the film, and the incident
light intensity. It depends on the angle of deposition and under certain conditions it is expected to
be maximum when the angle of deposition is 45°. The analysis can be applied to study the effect of

increase in intensity or decrease in temperature on V̄och. It also shows that the photovoltage across

the thickness of the obliquely deposited film V̄ocv is minimum for normal deposition and increases
with the increase in the angle of oblique deposition. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2828009�

I. INTRODUCTION

Photovoltages, much larger than the band-gap energy
�Eg� of the semiconductor, have been observed in obliquely
deposited thin films of a large number of semiconductors1–14

on transparent substrates under normal illumination. This ef-
fect is commonly known as the anomalous photovoltaic ef-
fect �APV�. The first observation of the APV effect was
made by Starkienicz, Sosnowski, and Simpson in 1946 in
PbS films1 and was confirmed later by Berlaga and
co-workers,2,3 Schwabe4 and Piwkowski.5 Goldstein and
Pensak6–9 discovered unusually high photovoltages in some
CdTe films made by vacuum deposition. The magnitude of
photovoltage was related with the direction of evaporation
and a value as high as 100 V cm−1 was obtained in sunlight.
Extensive studies1–24 of a range of materials have established
beyond a doubt that a necessary condition for the appearance
of the anomalous photovoltage �APV� is that the semicon-
ductor material should be evaporated onto a substrate at an
angle to the normal leading to skewed columnar growth.8

However, the precise conditions under which successful
APV structures may be obtained are far from clear and it has

been difficult to obtain reproducible results.8 Kallmann et
al.,12 during their studies on Ge and Si films of �1 �m
thickness formed by vacuum evaporation, observed that gen-
erally the absolute value of the photovoltage measured be-
tween two metal contacts separated by 1 cm was larger at
lower temperature. They found 1250 V at liquid nitrogen
temperature. However, the short-circuit currents were low:
�5.5�10−9 A at room temperature, and decreased further
to 3�10−9 A at low temperatures. The photovoltages were
proportional to the light intensity and only in the case of very
large photovoltages was the increase with intensity less than
linear. They tried to explain the results qualitatively in terms
of the Dember effect.

A systematic study of the dependence of APV on the
wavelength and intensity of incident light and the tempera-
ture was made by Brandhorst et al.10,13 in thin films of CdS,
Si, and SiC. The CdS films were deposited on a quartz sub-
strate at an angle of 45° from the normal. The substrate tem-
perature was 280−370 °C and the average thickness of the
films was between 10 and 200 nm. The photovoltages were
measured under a tungsten filament light of 150 mW /cm2

intensity. They found reproducible fabrication of high photo-
voltage films difficult. Only two films displayed high photo-
voltages, 17 and 12 V, at room temperature. However, at the
sufficiently low temperature most of the films exhibited pho-
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tovoltages larger than the corresponding band gaps. The
spectral response of photovoltage was of an inverted-V shape
with a peak at �500 nm wavelength.10 Photovoltage varied
linearly with intensity up to 50 mW /cm2 but increased at a
smaller rate between 50 and 150 mW /cm2 intensity.10 In
CdS films10 and also in a Si film,13 the photovoltage in-
creased with the decrease in temperature from 330 to
�230 K and then decreased with further lowering of the
temperature.13 They tried to attribute the occurrence of large
photovoltages to the existence of multiple trapping levels.
Degradation of the photovoltage due to exposure in air was
observed and was attributed to the surface absorption of oxy-
gen, which produces surface states.

Patel and Patel23 deposited AgInTe2 films at different
inclinations from the normal and found that the photovoltage
depended on the deposition angle and was maximum for the
films deposited at 45°. The magnitude of the peak photovolt-
age varied with the substrate temperature. They observed
that the angle of deposition introduced an asymmetric
growth of crystallites, and the asymmetry was maximum for
45°.23 The occurrence of APV was explained by assuming
the presence of a p-p+ junction at each crystallite that gen-
erated a small photovoltage, and the number of aligned p-p+

junctions being connected in series gave a large photovolt-
age. Similarly, the occurrence of a high photovoltage in the
other obliquely deposited semiconductor films has been ex-
plained qualitatively assuming a series of micro p-n junc-
tions or p-p+ or n-n+ junctions, each capable of generating a
small photovoltage.22

Despite a large amount of experimental data and many
attempts to explain them, a picture of APV is not yet clear. A
comprehensive model that may provide an explanation of the
observed high photovoltages and their dependence on inten-
sity of light, wavelength of light, temperature, the angle of
deposition, etc., is very much desired. In this paper we
present a phenomenological model of the generation of high
photovoltages in obliquely deposited semiconductor films
and apply it to explain all observations of earlier researchers
for silicon films.

II. THEORETICAL MODEL

Guided by the various observations of researchers dis-
cussed above, we develop in the following a phenomenologi-
cal model based on the following basic assumptions. We as-
sume that the oblique angle deposition of semiconductor
films on heated transparent substrates in vacuum gives rise to
columnar polycrystalline grains which grow in the direction
of the deposition, i.e., the semiconductor films contain ob-
liquely grown columnar grains of equal thickness separated
by grain boundaries �GB� between them, and all grain
boundaries are parallel to each other and are inclined with
respect to the horizontal. Under thermal equilibrium there
exists a double potential barrier at each grain boundary due
to the trapping of majority carriers at GB. This leads to a
depletion layer of appreciable thickness “w” on each side of
the grain boundary. There exists a built-in-electric field in the
depletion region that tries to pull the photogenerated minor-
ity carriers toward the grain boundary from each of the two

grains. In the present analysis we assume that the film is
n-type, although the analysis should be applicable equally to
p-type films also. Thus, the photogenerated holes of each
grain recombine with the trapped charges at GB and reduce
the potential barrier as shown in Fig. 1 and consequently
generate a photovoltage between the GB and the grain. The
net photovoltage between the two adjacent grains, if any, can
be due to the differences in the photovoltages developed
across the two sides of the GB. Henceforth we shall refer to
photovoltage as the voltage at the open-circuit condition un-
less mentioned otherwise.

Let us consider that a semiconductor film is deposited
obliquely on a substrate B1B2 from a source S, where SM
represents the direction of normal deposition as shown in
Fig. 2. SB1 and SB2 subtend angles �1 and �2, respectively,
with normal SM. We further assume that B1B2 is small in
comparison with MB2, and the difference in �1 and �2 is
negligibly small such that �1��2=�; consequently, the
grown films have columnar grains of equal thickness and
grain boundaries are inclined at an angle �=90°−� with the
horizontal.

Figure 3 shows an obliquely deposited semiconductor
film on substrate B1B2 with the deposited film on top. Here,
G0, G1 , and G2 mark grain boundaries, which make the

FIG. 1. Grain boundary potential double barriers in an n-type semiconductor
film under dark and uniform illumination.

FIG. 2. Schematic diagram of oblique angle deposition of film on substrate
B1B2. S is the source and �1 and �2 are the angles the lines SB1 and SB2

make with the normal SM. Angle SB1M =�=90−�1. When B1B2�MB2,
then �1��2=� and �=90−�.
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angle � with the front horizontal surface S1S2. Now, we make
the following specific assumptions:

�1� All grain boundaries of Fig. 3 are parallel to each other
and spread from the front surface to the bottom end of
the films touching the substrate. This means all grains
are single crystalline and are of equal thickness �dg�
when measured in the direction perpendicular to the
grain boundaries.

�2� Majority carriers of the grains are trapped at the grain
boundaries due to the existence of a large interface state
density of traps at the GBs. This results in full or partial
depletion of grains and creation of grain boundary po-
tential barriers at GBs as shown in Fig. 1.

�3� The film is illuminated normally from the front side and
the light beams travel in film in the direction ON or
parallel to ON �i.e., along O1N1, O2N2, etc.�. We also
assume the optical properties such that the refractive in-
dex and absorption coefficient �� of light for any given
wavelength � is not affected by the presence of dopant
impurities or grain boundaries. The substrate is transpar-
ent to light and the unabsorbed light is not reflected back
into the film.

�4� The photogeneration of carriers takes place along the
direction �ON� of travel of the light rays in the film.
However, the collection of photogenerated carriers takes
place in the direction of the normal �AB� to the grain
boundaries due to the built-in electric field in the deple-
tion layer of the grain. In Fig. 3 we consider the collec-

tion of the photogenerated minority carriers from the
two sides of the grain boundary G1. The collection of
photogenerated holes along AG1 in the grain on the front
side will give a short-circuit current density Jscf1. Simi-
larly, the photogenerated holes along G1B in the grain on
the bottom side of G1 will give a short-circuit current
density Jscb1. The difference of jscf1 and Jscb1 will be the
resultant short-circuit current density responsible for
generation of photovoltage across G1.

We define the following parameters to derive a relation for a
photovoltage across the two electrodes on the horizontal
plane along S1S2:

L is distance between the electrodes on the front surface.
t is thickness of the deposited film
dg is the grain size �i.e., the perpendicular distance between
the two grain boundaries�.
Nd is the dopant density in the grain.
Nis is the density of interface states at the grain boundary.
VB is the height of potential barrier at grain boundary:
VB=qdg

2ND / �8��o� for fully depleted grains,25 or
VB=qNis

2 / �8��oNd� for partially depleted grains.25

w1 ,w2 is the width of the grain boundary space-charge layer
on the front, back side layer, w1�w2 ���oEb / �qND�, where
Eb is the maximum field at GB potential maximum.
Pin is the intensity of illumination.
�� is the absorption coefficient of light of wavelength � in
the semiconductor.

FIG. 3. Schematic diagram of n-type grains, grain boundaries, and depletion layers formed in the obliquely deposited semiconductor films on a transparent
substrate B1B2. G0 , G1, G2 are parallel grain boundaries. S1S2 is the front surface of the film. ON is normal to S1S2 and is the direction of the light travel in
the film. In the case of partially depleted grains, AG1, G1B are larger than the width of the depletion layer “w” on each side of the grain boundary. AP�, AG1�,
and AB� are the horizontal projections of AP, AG1, and AB, respectively. O1A=OG1�=O2B�=r. Inset shows the enlarged central region.
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k is the Boltzmann constant.
q is the electron charge.
c is the velocity of light in vacuum.
ni is the density of intrinsic carriers.
R� is the reflectivity of the front surface S1S2 receiving the
light of wavelength �.
nL is the number of grain boundaries between the two con-
tacts on the horizontal surface.
nt is the number of grain boundaries between the top and
back surface of the film of thickness t.
npho is the incident photon flux of wavelength � at the front
surface at r=0.
�g is the cutoff wavelength of the light for absorption in the
semiconductor.
no is the equilibrium density of majority carriers in the
grains.
	g is the resistivity of the semiconductor film.
Voc1 is the open-circuit voltage across a grain boundary.
Jsc1 is the short-circuit current density across a grain bound-
ary.
Jd1 is the dark current density of a grain boundary potential
barrier.

V̄och is the average Voc developed between the two electrodes
on the horizontal plane of the substrate separated by a dis-
tance L.

V̄ocv is the average Voc across the film thickness.

A. Expression for Jsc1

We consider the case of photogeneration for grain
boundary G1 at a vertical distance r from the front surface
S1S2 �at r=0�. We assume that the grain size dg is small such
that all holes generated over the thickness AG1 and G1B
contribute to Jscf1 and Jscb2, respectively. This condition can
easily be satisfied in practice if the grains are fully depleted
and thus have a built-in field all along the thickness AG1 �or
G1B� of the grain. The condition can be satisfied in the case
of a partially depleted grain also if AG1 �or G1B� is smaller
than the diffusion length of the minority carriers in the grain.
The photon flux at point A, at a normal distance r �i.e., O1A�
from the front surface of the film, is given by

nphr = npho�1 − R��exp�− ��r� . �1�

As the incident light intensity is the same at all points on
S1S2 and the light travels normally in the film, the photon
flux at a point P on the line AG1 lying at a vertical distance
�r+x� from the surface SS1 can be obtained as

nphy = nphr exp�− ��x� , �2�

where x is the distance of P from point A in the direction
parallel to ON and y is the distance of P from A in the AG1

direction. Therefore, x=y cos �. It may be pointed out that x
and y are not the usual orthogonal axes. They simply repre-
sent distances from point A along the ON and AG1 direc-
tions, respectively.

At point G1 we have x= �dg /2�cos � and y=dg /2. There-
fore, along the AG1, the photon flux at P will be given by

nphy = nphr exp�− ��y cos �� . �3�

Defining �� cos �=�y, the photon flux at any point P along
the direction y can be written as

nphy = nphr exp�− �yy� . �4�

If Jscf1 is the short-circuit current density due to a collection
of holes along the direction AG1, then, ignoring the recom-
bination term, we can write

1

q

dJscf1

dy
= �ynphr exp�− �yy� . �5�

Therefore, the short-circuit current density Jscf1 along AG1 is
given by

Jscf1 = �
y=0

y=dg/2

q�ynphr exp�− �yy�dy . �6�

Solving the integral, we obtain

Jscf1 = qnphr�1 − exp	− �� cos � �
dg

2

� . �7�

Similarly, the short-circuit current density along BG1 can be
written as

Jscb1 = qnphr exp	− �� cos � �
dg

2



��1 − exp	− �� cos � �
dg

2

� . �8�

The net short-circuit current density Jsc1, across the grain
boundary G1, along AB is the difference of Eqs. �7� and �8�.
Thus, subtracting Eq. �8� from Eq. �7� and substituting Eq.
�1� in the resultant equation, we obtain

Jsc1 = qnpho�1 − R��exp�− r���

��1 − exp	− �� cos � �
dg

2

�2

. �9�

For multiwavelength incident light, Eq. �9� can be written as

Jsc1 = �
�=0

�=�g

qnpho�1 − R��exp�− r���

��1 − exp	− �� cos � �
dg

2

�2

. �10�

B. Expression for Jd1

For the dark current density Jd1 across the grain bound-
ary G1, one can write

Jd1 = Jo1	exp
qV1

kT
− 1
 + Jo2	exp

qV1

2kT
− 1
 . �11�

The first term on the right-hand side represents majority car-
rier current density due to thermionic emission and diffusion
of majority carriers across the double barrier at the GB under
a forward bias of voltage V1 . The second term on the right-
hand side of Eq. �11� is due to the recombination of photo-
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generated minority carriers in the space-charge region of the
double barrier. The two pre-exponential constants Jo1 and Jo2

can be expressed as26

Jo1 =
qnovr

1 +
vr

vd

exp	− qVB

kT

 . �12�

Here, vr and vd are, respectively, the recombination velocity
and diffusion velocity of the carriers at the grain boundary
potential maxima, and VB is the grain boundary barrier
height. The expression for vr depends on temperature and
effective mass m of majority carriers according to the
relation26

vr =
 kT

2
m
, �13�

and vd=�nEb near the grain boundary potential maxima.
Here, �n is the mobility of the majority carrier electrons and
Eb is the maximum field at the GB potential maxima and is
given by26

Eb = �2NdkT

��o
�qVB

kT
− 1 + exp	− qVB

kT

��1/2

. �14�

The pre-exponential constant in the second term on the right-
hand side of Eq. �11� is given by

Jo2 =
qni

�
w , �15�

where � is the lifetime of the minority carriers in the deple-
tion region of the GB.

For most of the films it can be assumed that J01�J02, so
we have

Jd1 � Jo1 exp	qV1

kT
− 1
 . �16�

Now, the net current density J1 at G1 across the grain bound-
ary G1 can be written as

J1 = Jsc1 − Jd1. �17�

C. Photovoltage along the horizontal plane

Under the open-circuit condition �J1=0� the substitution
of expressions for Jsc1 and Jd1 from Eqs. �10� and �16�, re-
spectively, in Eq. �17� gives the open-circuit voltage Voc1

across the grain boundary G1 in the direction AB �perpen-
dicular to the grain boundary�.

Therefore, we have

Voc1 =
kT

q
ln	 Jsc1

Jo1
+ 1
 . �18�

For a low level of intensity of illumination, such that
Jsc1�Jo1, the open-circuit voltage Voc1 across the grain
boundary G1 would be given by

Voc1 =
kT

q
�

Jsc1

Jo1
. �19�

Substituting the values of Jsc1 and Jo1 from Eqs. �10� and
�12�, respectively, in Eq. �19�, we will get the open-circuit
voltage across a grain boundary given by

Voc1 =
kT

qnovr
	1 +

vr

vd

�

�=0

�g

npho�1 − R��

�exp�− r����1 − exp	−
��dg cos �

2

�2

exp	qVB

kT

 .

�20�

We have that 	g=1 /qno�n is the grain resistivity and Pin

=nphohc /�. Generally vr�vd; then, the open-circuit voltage
Voc1 across the grain boundary G1 can be expressed in terms
of grain resistivity 	g and the light intensity Pin as

Voc1 =
kT	g

hcEb
exp	qVB

kT

�

�=0

�g

�Pin�1 − R��

�exp�− r����1 − exp	−
��dg cos �

2

�2

. �21�

The horizontal component Voch1 of Voc1 along CD is given as
Voch1=Voc1 sin �. At the same distance r from the front sur-
face S1S2 , identical photovoltage will be developed across
other grain boundaries G0, G2, etc. So, if there are nL grain
boundaries between the two horizontal electrodes separated
by a distance L, the total resultant open-circuit voltage will
be given by

Voch = nLVoc1 sin � . �22�

From Fig. 3, we know that nL and nt are given by

nL =
L

dg
sin � , �23�

nt =
t

dg
cos � . �24�

Therefore, the photovoltage developed between the horizon-
tal electrodes is given by

Voch =
kT	gL

hcEbdg
exp	qVB

kT

�

�=0

�g

�Pin�1 − R��

�exp�− r����1 − exp	−
��dg cos �

2

�2

sin2 � .

�25�

On averaging the value of Voch across the entire thickness or
the length of the grain boundary, the photovoltage across the
horizontal electrodes would be given by

V̄och =
�0

t Vochdr

�0
t dr

. �26�

Using Eq. �25� in Eq. �26�, we can obtain V̄och for the con-
dition Jsc1 /Jo1�1 as
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V̄och =
kTL	g

��hcEbtdg
exp	qVB

kT

�

�=0

�g

�Pin�1 − R��

��1 − exp�− ��t���1 − exp	−
��dg cos �

2

�2

sin2 � .

�27�

D. Dependence of V̄och on �

Equation �27� shows that V̄och depends on the angle � of
grain boundaries from the horizontal surface S1S2 and thus
on the angle of deposition �=90−�. If the product of the
grain size and the absorption coefficient of the film is small
such that 1

2dg�� cos ��1, then the photovoltage developed
between the horizontal electrodes can be written as

V̄och =
kTL	g

16hctEb
exp	qVB

kT

�

�=0

�g

�Pin�1 − R��

��1 − exp�− ��t����dg sin2 2� . �28�

In terms of angle of deposition �, Eq. �28� can be expressed
as

V̄och =
kTL	g

16hctEb
exp	qVB

kT

�

�=0

�g

�Pin�1 − R��

��1 − exp�− ��t����dg sin2 2� . �29�

Equation �29� shows that V̄och will increase for 0° ��
�45°, attain a maximum value for �=45°, and will then
decrease for 45° ���90°.

E. Dependence of V̄och on apparent resistivity of film

In Eqs. �27�–�29� 	g represents the resistivity of the
quasineutral grain. The apparent resistivity 	a of the film
includes the resistivity of the depletion region as well. For a
small-grain semiconductor film, the apparent resistivity is
given by25

	a = 	g exp	qVB

kT

 , �30�

and the sheet resistance Rsheet can be determined as Rsheet

=	a / t. If the length and the width of the film are equal, then,
the Rsheet represents the apparent resistance Ra of the film.

In terms of Rsheet, Eq. �29� can be written as

V̄och =
kTLRsheet

16hcEb
�
�=0

�g

�Pin�1 − R��

��1 − exp�− ��t����dg sin2 2� . �31�

Equation �31� shows that V̄och will increase with Rsheet and
hence with Ra linearly.

F. Photovoltage across the thickness of the film

The photovoltage developed at a point G1, on a grain
boundary, at a distance r from the front surface given by Eq.
�21� can be rewritten as

Voc1 = �
�=0

�g

u exp�− r��� , �32�

where u is given by

u =
kT	g�

hcEb
exp	qVB

kT

Pin�1 − R��

��1 − exp	−
��dg cos �

2

�2

. �33�

Now, the vertical component of Voc1 along ON, which may
be referred to as Vocv1, can be obtained as

Vocv1 = Voc1 cos � . �34�

Substituting Eq. �32� into Eq. �34�, we can write

Vocv1 = �
�=0

�g

u cos � exp�− r��� . �35�

Again along the direction ON there is a point E on another
grain boundary G2, which lies at a distance of d=dg sec �
further below G1. Therefore, the vertical component of the
photovoltage generated along ON at the point E can be writ-
ten as

Vocv2 = �
�=0

�g

u cos � exp�− �r + d���� . �36�

Similarly for the point which may lie just below point E
along ON on the next grain boundary, we can write

Vocv3 = �
�=0

�g

u cos � exp�− �r + 2d���� . �37�

If there were nt grain boundaries along the thickness of the
film, then total photovoltage generated along the film thick-
ness could be calculated by adding up all the vertical com-
ponents of the photovoltage generated across individual GBs
along the direction ON. Therefore, photovoltage across the
thickness of the film is given by

Vocv = Vocv1 + Vocv2 + Vocv3 + ¯ + Vocvnt
. �38�

Substituting the values of Vocv1, Vocv2, etc. in Eq. �38�, we
have

Vocv = �
�=0

�g

u cos � exp�− ��r��1 + exp��− ��d��

+ exp��− ��2d�� + ¯ + exp��− ���nt − 1�d��� .

�39�

After further solving, Eq. �39� reduces to
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Vocv = �
�=0

�g

u cos � exp�− ��r�
�1 − �exp�− ��d��nt�

1 − exp�− ��d�
. �40�

For exp�−��d��1 Eq. �40� can be simplified to the first
approximation as

Vocv = �
�=0

�g

u cos � exp�− ��r�
�1 − exp�− nt��d��

1 − exp�− ��d�
. �41�

Now the average value of Vocv, when r varies from r=0 to
r= t, can be obtained as

V̄ocv = �
�=0

�g

u cos �
�1 − exp�− nt��d���1 − exp�− ��t��

��t�1 − exp�− ��d��
.

�42�

Substituting the value of u from Eq. �33� and d=dg sec � in
Eq. �42�, we have

V̄ocv =
kT	g

hcEb
exp	qVB

kT

�

�=0

�g

�Pin�1 − R��

��1 − exp	−
��dg cos �

2

�2

�
�1 − exp�− nt��dg sec ����1 − exp�− ��t��

��t�1 − exp�− ��dg sec ���
cos � .

�43�

Again, if 1
2dg�� cos ��1, then Eq. �43� is modified to give

V̄ocv =
kT	gdg

2

4hctEb
exp	qVB

kT

�

�=0

�g

���Pin�1 − R��

�
�1 − exp�− nt��dg sec ����1 − exp�− ��t��

�1 − exp�− ��dg sec ���
cos3 � .

�44�

In terms of the angle of deposition �, Eq. �44� can be ex-
pressed as

V̄ocv =
kT	gdg

2

4hctEb
exp	qVB

kT

�

�=0

�g

���Pin�1 − R��

�
�1 − exp�− nt��dg cosec ����1 − exp�− ��t��

�1 − exp�− ��dg cosec ���
sin3 � .

�45�

Equation �45� shows that along the film thickness V̄ocv will
be minimum for �=0, i.e., for normal deposition, and will
increase for oblique deposition, i.e., 0° ���90°.

III. RESULTS AND DISCUSSION

A. Special case when Jsc1�Jo1

Equation �28� holds well for Jsc1�Jo1 and shows that
for a low level of intensity of illumination the photovoltage

V̄och between the two electrodes placed on the horizontal
surface of the obliquely deposited semiconductor film will
show the following characteristics:

�i� V̄och will be linearly proportional to the separation L
between the electrodes and the intensity Pin of illumi-
nation.

�ii� V̄och will be dependent on the angle � the grain bound-
aries make with the horizontal surface. It will be

maximum for ��45°. Besides this, V̄och will also de-
pend on � and T directly and also through their effects
on �� and other parameters.

�iii� For front illumination Jscf1
Jscb1; hence, for an

n-type film the polarity of V̄och is negative on the left
and positive on the right. On back illumination the
polarity will be reversed. For p-type films the polarity
will be opposite to that of an n-type film for both front
or back illumination conditions.

�iv� V̄och is dependent on the barrier height of the grain
boundaries and thus the temperature behavior of the
film is controlled by the barrier height VB. Also, the

activation energy for V̄och is found to be nearly equal
to the barrier height, which was observed by many
researchers.13

�v� Equation �31� shows that the V̄och increases linearly
with apparent resistance of the film.

The values of V̄och have been computed for silicon films
using Eq. �27� assuming the following parameters: nis

=1011 cm−2, L=1 cm, dg=0.0001 cm, R�=0.3, t
=0.0001 cm, �=10 cm2 V−1 s−1, �=30°, T=300 K. The
value of �� was determined using Shumka’s relation.27 The

dependence of V̄och on � �in the �300–900 nm, range� and
� has been shown in Figs. 4 and 5, respectively.

Figure 4 depicts the variation of V̄och with wavelength �
of the incident light of 78 mW /cm2 intensity according to
Eq. �28�. The curves 1, 2, and 3 have been plotted for three
different values of �, viz., 30°, 45°, and 60°, respectively.

Figure 4 shows that initially V̄och increases with �, then de-

FIG. 4. Variation in photovoltage V̄och along the horizontal plane S1S2 with
wavelength � of incident light of silicon films for three different angles of
depositions. The intensity for radiations of different wavelengths is assumed
to be the same �100 mW /cm2�. Here, curve 1 is for �=30°, curve 2 is for
�=45°, and curve 3 is for �=60°, where � is complementary to the angle of
deposition �.
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creases after showing a peak at a certain value of � in the
visible range. The peak shifts to a shorter wavelength with an

increase in �. Such dependence of V̄och on � was observed by
Brandhorst and Potter in CdS films.10

Figure 5 shows the dependence of V̄och �curve 1� and

V̄ocv �curve 2� on the angle of deposition � according to Eqs.

�29� and �45�, respectively. Theoretical values of V̄och for

curve 1 have been normalized with respect to the V̄och value

for �=45°. Also, the experimental values of V̄och reported by
Patel and Patel23 for AgInTe2 films have been normalized
and plotted in Fig. 5 for comparison with curve 1. It can be
seen that both these curves match excellently. Curve 2 shows

that V̄ocv is zero for �=0, i.e., for normal deposition, and
keeps increasing as the angle of deposition � is increased.

The dependence of V̄och on the apparent resistance Ra of

the film is shown in Fig. 6. The values of V̄och were deter-
mined using Eq. �31� and have been plotted against Ra

�curves 1, 2, 3, and 4� on a log-log scale with Nd and t as
parameters. It is noted that the slope of each of these curves

�1, 2, 3, and 4� is 45° from the X-axis, which shows that V̄och

and Ra have a linear relationship. Two experimental V̄och vs
Ra curves obtained by Brandhorst and Potter13 for silicon
films have also been plotted for comparison �curves 5, 6�.
Both the curves �5, 6� are parallel to the theoretical curves.
This shows that Eq. �31� adequately describes the depen-

dence of V̄och on the apparent resistance of the film.

B. General case

Equation �27� and hence Eq. �28� does not remain valid
if the condition Jsc1�Jo1 is not satisfied. Since Jsc increases
linearly with the intensity of illumination Pin, and Jo1 de-
creases with a decrease in temperature T, Eq. �28� may not

hold well for determining V̄och at high Pin and low T values.

For such cases Eq. �26� can be used in conjunction with Eqs.
�22�, �18�, �12�, and �10�. It may be pointed out that a com-
bination of Eqs. �26�, �22�, �18�, �12�, and �10� is valid
whether Jsc1�Jo1 is satisfied or not, and is thus applicable
even to the cases which can be described with the help of Eq.
�28�. In the following we discuss the cases where Eq. �26� is
applied in conjunction with other equations.

1. Intensity dependence of V̄och

The dependence of V̄och on the intensity of illumination
Pin in the 0−260 mW /cm2 range has been shown in Fig. 7
�curves 1 and 2�. Curves 1 and 2 have been obtained for T
=302 K and T=232 K, respectively, using Eq. �26� in con-

FIG. 5. Dependence of horizontal photovoltage V̄och �curve 1� and vertical

photovoltage V̄ocv �curve 2� of silicon films with the angle of deposition �.

Curve 1 has been plotted using Eq. �29� for V̄och and curve 2 has been

plotted using Eq. �45� for V̄ocv. Both curves correspond to AM 1.5 solar
radiation of 78 mW /cm2 intensity and temperature 300 K. Also, the experi-
mental data ��� from Ref. 23 are reproduced and plotted in this figure.
Curve 1 as well as the experimental values �Ref. 23� are normalized with
respect to their values for �=45°.

FIG. 6. Variation in photovoltage V̄och with the apparent resistance of the
film �curves 1, 2, 3, and 4�. Curves 1, 2, 3, and 4 have been plotted for
�Nd=1�1014 cm−3, t=0.5 �m�; �Nd=1�1014 cm−3, t=1 �m�; �Nd=5
�1014 cm−3, t=0.5 �m�; and �Nd=5�1014 cm−3, t=1 �m�, respectively.
Some experimental data from Ref. 13 are reproduced and plotted in the
figure �curves 5 and 6� for comparison.

FIG. 7. Dependence of photovoltage V̄och on intensity of the incident light.
Curves 1 and 2 have been plotted for the AM 1.5 solar radiation using Eq.
�27� in conjunction with Eqs. �22�, �18�, �12�, and �10�. Curves 1 and 2
correspond to temperatures T=302 K and T=232 K, respectively. Experi-
mental data from Ref. 13 for T=302 K and T=232 K are reproduced and
plotted here for comparison.
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junction with Eqs. �22�, �18�, �12�, and �10� and are plotted
against the normalized intensity Pin / Pino, where Pino

=260 mW cm−2. The experimental values of V̄och obtained
by Brandhorst and Potter13 for T=302 K and T=232 K, re-
spectively, at different values of Pin in the 0
−260 mW cm−2 range have also been plotted in Fig. 6. It
may be mentioned that experimental values are much smaller
than the theoretical values to be shown in the same graph.
Therefore, the experimental values for T=302 K and T
=232 K are multiplied by constant factors 1167 and 346,
respectively.

It can be noted that all the experimental values for T
=302 K lie on curve 1 and all the experimental values for
T=232 K lie on curve 2. This shows that the present model

can adequately describe the intensity dependence of V̄och of
obliquely deposited silicon films at different temperatures.

2. Temperature dependence of V̄och

Figure 8 shows the variation of V̄och with reciprocal tem-

perature for silicon films. V̄och has been plotted against
1000 /T. The Y-axis is logarithmic and the X-axis is linear, so
the shape of a curve actually shows the variation of

log10�V̄och� with 1000 /T. Curve 1 has been observed using

Eq. �28�. It is a straight line which shows log�V̄och� increases

linearly with 1000 /T and implies that V̄och increases expo-

nentially with 1000 /T. Such a behavior of V̄och with tempera-
ture was observed by Brandhorst and Potter13 in Si and SiC
films above room temperature �T
333 K�. In some Si

films13 they observed that V̄och increased more slowly with
1000 /T as the temperature was lowered below T�333 K.
However, in CdS films10 and in one silicon film,13 they found

that V̄och increased with 1000 /T for a decrease of tempera-
ture and showed a peak at �250 K and then decreased rap-

idly with 1000 /T for T�250 K. In Cd3As2 films, Zdanow-
icz et al.22 had also observed a small peak of height 35 V in

the V̄och vs 1000 /T curve at �240 K followed by a dip at

230 K and then a regular increase of V̄och with 1000 /T for
230 K
T
90 K. However, after storing the film for 2
days they observed a big peak of height 140 V at �200 K
that was followed by a sharp decrease with 1000 /T such that

V̄och was reduced to zero at 143 K and changed polarity for
T�143 K. After storage of 3 months, films showed a still
higher peak of 200 V corresponding to T=220 K which was

followed by a sharp decrease with 1000 /T such that V̄och

again became zero at 1000 /T=9 �i.e., for T=110 K� and
changed its polarity for T�110 K. These Cd3As2 films had
been given a SiOx coating on the film surface.

We have plotted curve 2 for the 400 K
T
80 K tem-
perature range in Fig. 8, which has been obtained using Eq.
�26� in conjunction with Eqs. �22�, �18�, �12�, and �10�. It

shows that V̄och increases with 1000 /T initially sharply as T
is decreased from 400 K to 350 K, and then increases more
slowly with 1000 /T for T�350 K but does not show any

decrease in V̄och with 1000 /T. Such a behavior was also ob-
served in two silicon films by Brandhorst and Potter13 as
mentioned above.

Thus, we find that the observed decrease of V̄och with
1000 /T for T�250 K, as observed by Brandhorst and Potter
in CdS films and in a Si film by Zdanowicz et al.22 in Cd3As2

films, cannot be explained by Eqs. �26�, �22�, �18�, �12�, and
�10� in the present form. In the following we analyze what
additional effect, not considered so far in the derivation of
some of these equations, may need to be taken into account
to explain the above behavior at low temperatures.

Curve 2 mentioned above represents an ideal case where
all grain boundary depletion layers have been assumed to
have no leakage of charge, implying that each depletion re-
gion has an infinite shunt resistance across it. In a practical
case, since a grain boundary depletion layer extends from the
bulk of the film to the front exposed surface, its shunt resis-
tance could get reduced from infinite to a finite value. For
such a case we can use the following equation:

Jsc1 = Jo1�exp	qVoc1

kT

 − 1� +

Voc1

Rsh
, �46�

instead of Eq. �18� to determine V̄och using Eq. �26� in com-
bination with Eqs. �22�, �12�, and �10�. In Eq. �46�, Rsh is in
the units of � cm2.

Curves 3 and 4 have been plotted in Fig. 8 assuming two
constant values of Rsh, viz., Rsh=150 � cm2 and Rsh

=100 � cm2, respectively. Both these curves show that V̄och

increases with 1000 /T as T decreases, and then attains a
nearly constant value for further decrease in T. As expected,

the values of V̄och are smaller for a smaller Rsh and are much
lower than curve 2 for the same temperature range. There is
also a curve 5 in Fig. 8 which shows the variation of Jsc with
1000 /T. It has been obtained using Eq. �10� and assuming ��

to vary with T according to Shumka’s relation.27 Curve 5
shows that Jsc decreases with a decrease in T. All the curves
�1, 2, 3, and 4� discussed above have been obtained using Jsc

FIG. 8. Variation of the photovoltage V̄och with reciprocal temperature of the
film. Curves 1 and 2 represent the ideal case where there is no shunt �Rsh

=��. Curve 1 is plotted using Eq. �27� when the condition Jsc�Jo1 is
satisfied. Curves 2, 3, 4, and 6 are plotted using Eqs. �26�, �22�, �18�, �12�,
and �10�. Curves 3 and 4 are plotted for Rsh=150 � cm2 and Rsh

=100 � cm2, respectively, across a single GB depletion layer. Curve 6 is
due to a temperature-dependent shunt resistance, Rsh. Curve 5 shows the
variation of Jsc with the reciprocal temperature for AM 1.5 solar radiation of
78 mW cm−2 intensity.
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values of curve 5. Therefore, the practically observed de-

crease of V̄och with T in some films cannot be accounted for
by the decrease in Jsc value. Now it is obvious that one has to
associate a temperature-dependent Rsh across the depletion
layers of the grain boundaries of the film which have exhib-

ited a V̄och peak in the V̄och vs 1000 /T curve at a low tem-
perature.

Apparently the origin of a shunt resistance across the
depletion region of a GB should lie in the decrease in the
width of the depletion region, and the depletion width should
continue to decrease with lowering of the temperature to ac-
count for the decrease of Rsh with reciprocal temperature.
This can happen if there exists a fixed charge at the surface
just above the depletion region area of a nature which could
attract majority carriers from the grains. In an n-type film the
availability of such free electrons will try to neutralize the
positively charge donors in the depletion layer around the
grain boundary, leading thereby to the decrease of the width
of the depletion layer.

It is known28 that if there exists a positive charge density
Qox on the surface of an n-type semiconductor, then an ac-
cumulation layer, or in other words a conducting channel, of
electrons is formed in the semiconductor just below the sur-
face. Under the steady-state condition Qox will be balanced
by the equal and opposite charge in the accumulation layer of
thickness tc leading to the following relation:

Qox = qNstc, �47�

where Ns is the average concentration of electrons in the
channel in excess of the electron density in the neutral grain
and is given by the equation

Ns = ND�� kT

q�s
	exp	q�s

kT

 − 1
� − 1� . �48�

Here, �s is the surface potential due to the accumulation
layer.

In the present context, it may be reasonable to assume
that it is such excess carriers Ns which will be responsible for
the neutralization of a fraction of the positive depletion
charge in n-type films near the surface leading to creation of
Rsh across the depletion layer of a GB under illumination.
Unless all the positive charge of the depletion layer is neu-
tralized, accumulation cannot form. However, the shunt re-
sistance Rsh across a GB still having a depletion width wdi

under illumination in the bulk, i.e., much below the surface,
can be obtained using the following relation:

Rsh =
wdi

qNs�c
, �49�

where wdi is the grain boundary depletion width under illu-
mination and �c is the mobility of the electrons collected by
Qox. The GB depletion width wdi under illumination is given
by the equation

wdi =
2��o

qND
�VBI −

kT

q
+

kT

q
exp	−

qVBI

kT

�1/2

, �50�

where VBI is the barrier height of the grain boundary under
illumination. Equation �48� shows that, for a given Qox, Ns

increases with a decrease in temperature, and this makes Rsh

decrease with a decrease in temperature.
We have used Eq. �49� to determine Rsh as a function of

temperature in the range 400 K
T
80 K for silicon films
assuming Qox=8�10−12 C cm−2, and have plotted it in Fig.
9. The mobility �c has been considered to vary as �c

=aT−2.42, where a=2.8�106 cm2 V−1 s−1 K2.42. Figure 9
shows that the shunt resistance decreases with a decrease in
T rapidly, and its temperature dependence in the 300 K
�T�80 K range can be described by the equation

Rsh = A1 exp�− B1/T� + A2 exp�− B2/T� , �51�

where A1, A2 and B1, B2 are constants and have values of
A1=2�104 � cm2, A2=1.2�102 � cm2, B1=1515 K, and
B2=488 K, respectively.

Again, in Fig. 8, a curve 6 has been drawn assuming Rsh

varies with T according to Eq. �51� for 300 K
T
80 K.

This curve 6 of Fig. 8 shows that V̄och increases with 1000 /T,
while lowering of T shows a peak at T=158 K, which then
decreases with a further decrease of T. Thus, the curve 6 of

Fig. 8 explains the existence of a peak in the V̄och with
1000 /T at low temperature in silicon films, and indicates that
films showing such behavior must acquire a surface charge
Qox of polarity the same as the depletion layer charge �i.e., a
positive Qox for n-type films and a negative Qox for p-type
films� during preparation, illumination, cooling to low tem-
peratures, storage of the films in an ambient, or any other
treatment to which they may be subjected.

C. Related effects

1. Current and voltage transient effects

Brandhorst and Potter13 had found that, when a small
voltage ��0.5 V� was applied across the horizontal elec-
trodes of the film in the dark, the current decreased exponen-
tially, and after removal of the bias the films were observed

FIG. 9. Variation of the shunt resistance, Rsh, across a grain boundary deple-
tion layer of an n-type silicon film with the reciprocal temperature. The
curve is plotted for a positive surface charge density Qox=1.6
�10−12 C /cm2. Electron mobility is considered to vary with temperature as
�c=aT−2.42, where a=2.8�106 cm2 V−1 s−1 K2.42.
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to retain a voltage which decayed exponentially with time.13

They attributed the transient behavior of the current and volt-
age to induction of a space charge in the film on application
of the bias. However, they did not explain how the space
charge could have been induced.

The present model assumes that there already exists a
space-charge layer in the form of a double depletion layer
under thermal equilibrium due to the trapping of majority
carriers at a grain boundary from the adjacent grains. The
trapping of carriers at the trap levels associated with the
grain boundary and the emission of the trapped carriers from
the traps to the conduction or the valence band goes on all
the time and the trapping and emission rates are equal under
thermal equilibrium condition. However, the two rates be-
come unequal immediately after a voltage is applied or re-
moved from across a grain boundary. When voltage is ap-
plied across a grain boundary then one side of the grain
boundary becomes forward biased and the other side be-
comes reverse biased, as described by Singh et al.26 and also
by Groot and Card.29 As a result of the forward bias, the
majority carriers are injected into the grain boundary and
starts getting trapped at the grain boundary, as explained by
Broniatowski in a deep-level transient spectroscopy �DLTS�
study of grain boundaries.30 This process is like the charging
of a capacitor. Hence, soon after the application of a dc bias
the current across the grain boundary decreases with time
generally exponentially when carrier trapping is going on,
and attains a saturation value after a certain time when no
more carriers can be trapped at the grain boundary. When the
bias is removed the accumulated additional charge still
present at the grain boundary gives rise to a voltage across
the grain boundary. This voltage decays slowly until all the
excess trapped charge is emitted as free carriers by a ther-
mally activated process. For a single dominant trap level the
decay is usually exponential.31 Thus, the application and re-
moval of a bias across a grain boundary or between contacts
on the films having such grain boundaries leads to the cur-
rent and the voltage transients, respectively. So, the current
and voltage transients as observed in obliquely deposited
films by Brandhorst and Potter13 can be understood well with
the help of a grain boundary model.

2. Role of non-electrically active grain boundaries

All grain boundaries along the horizontal are in series, so
no grain boundary, however weak, is likely to short-circuit
the effect of another grain boundary. If we consider that
some of the grain boundaries, say nL1 out of nL, do not con-

tribute to the photovoltage, then V̄och will be reduced by an
amount nL1Voc1 if they are bunched together. However, a
non-electrically active �or inactive� grain boundary can make
some difference to the photovoltage being produced by an
adjacent electrically active grain boundary by effectively en-
hancing dg if it lies between the two active grain boundaries.

3. Films with thickness gradient

Strictly speaking, the present model is expected to be
valid for the obliquely deposited films of uniform thickness,
or, in other words, for the films having an insignificant thick-

ness gradient. In many cases the obliquely deposited films
may be significantly thicker at the end that is nearer to the
source than the far end. For such a case the model may be
applied by assuming the film thickness to vary in a staircase
fashion from one electrode to the other, and considering the
film to be made up of many identical segments each of uni-
form length �L. We assume that the thickness of the first
segment at the thinner end is �t; then, the second segment of
length �L will be of thickness 2�t and the third one of
thickness 3�t. If there are m such segments between the
electrodes, then the thickness of the mth segment would be
m �t. Now we can apply Eq. �27� to each of these segments
and determine the photovoltage across each segment. For
instance, to apply Eq. �27� to the second segment one would
need to replace L by �L and t by 2�t. We denote the pho-
tovoltages developed across the first, second,…,mth seg-
ments by Vochl1, Vochl2,…,Vochlm, respectively. Since the hori-
zontal photovoltages are in series, the resultant photovoltage
between the film electrodes will be the sum of the photovolt-
ages of all the segments and will be given by

Voch = Vochl1 + Vochl2 + ¯ + Vochlm. �52�

In this way Eq. �28� or other equations can be applied to
films with thickness gradients.

IV. CONCLUSION

We have developed a phenomenological model of pho-
tovoltage in obliquely deposited semiconductor films on
transparent substrates assuming that the grains and grain
boundaries are inclined at an angle � from the horizontal, and
that there exists a double potential barrier at the GB due to
the trapping of majority carriers. On normal illumination
with radiation of high absorption coefficient in the semicon-
ductor there is a larger absorption of photons on the front
side of a grain boundary than on the back side, and this gives
rise to a net photocurrent Jsc1 and a photovoltage Voc1. A

large photovoltage V̄och is generated between two electrodes
on the horizontal plane because there are a large number of
grain boundaries between them. For low intensity, when

Jsc1�Jo1, V̄och is given by Eq. �29�. Then, V̄och is linearly
proportional to the distance L between the electrodes, the
apparent resistivity 	a of the film, and the intensity of illu-

mination Pin. V̄och is dependent on the angle of deposition �.

For small-grain films V̄och is proportional to sin2 2� and is
maximum for �=45°. For higher intensities or lower tem-

peratures V̄och increases more slowly with Pin and reciprocal
temperature than expected on the basis of Eq. �29�. This is
because in such cases the condition Jsc�Jo1 is no longer

valid. Then, V̄och can be determined using Eq. �26� in com-

bination with Eqs. �22�, �18�, �12�, and �10�. V̄och normally
increases with reciprocal temperature initially as the tem-
perature is decreased from the room-temperature value.

However, the increase of V̄och with the reciprocal tempera-

ture becomes slower at low temperatures. V̄och becomes
smaller and attains a nearly constant value at low tempera-
tures if the shunt resistance Rsh of the grain boundary deple-
tion layer has a constant finite value. On the other hand, if
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there exists a fixed charge Qox at the surface of the film
having the same polarity as the grain boundary depletion
layer charge �i.e., if Qox is positive for n-type film and is
negative for p-type films�, then Rsh becomes temperature de-
pendent and decreases with the lowering of the temperature.

In such obliquely deposited films, V̄och decreases rapidly
with a decrease in temperature after having attained a peak
value.

The photovoltage V̄ocv across the film thickness is given
by Eq. �45�. It also increases with the apparent resistance of

the film and the intensity of illumination. V̄ocv is negligible
for the normal deposition of the film �i.e., �=0�, but in-
creases progressively for oblique deposition as the angle of
deposition � is increased in the 0���90° range.
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